A 13.6-kilobase (kb) Sau3AI restriction endonuclease fragment of Clostridium acetobutylicum DNA cloned into pBR322 enabled Escherichia coli ato mutants to grow on butyrate as a sole carbon source (But').
The acetone-butanol fermentation of Clostridium acetobutylicum can be divided into two distinct phases. In the acidogenic phase, acetic and butyric acids are formed, with a concomitant drop in the pH of the medium to 4 to 4.5. As the culture enters the stationary phase of growth, there is a metabolic shift to solvent production (solventogenic phase). During this phase, growth slows as the acids present in the medium are reassimilated and metabolized to produce acetone, butanol, and ethanol. Eventually the high levels of solvents become toxic to the cells and growth ceases (6) .
Two enzymes, phosphotransbutyrylase (PTB) (EC 2.3.1.8) and butyrate kinase (EC 2.7.2.7), play a key role in the production of butyrate from butyryl coenzyme A (butyryl-CoA) during the acidogenic phase of growth in C. acetobutylicum. Both enzymes also play a major role in the energy metabolism of the organism, as ATP is produced during the conversion of butyryl-CoA to butyrate via the following mechanism (25) :
butyryl-CoA + Pi PTB butyryl-P + CoA butyryl-P + ADP butyrate kinase butyrate + ATP Although both of these enzymes are capable of catalyzing their respective reactions in the opposite direction, several studies have indicated that PTB and butyrate kinase are not responsible for the uptake of butyrate and its eventual conversion to butanol (12, 13) . Hartmanis and Gatenbeck (12) reported that during the acidogenic phase, both PTB and butyrate kinase exhibit high specific activities. During solventogenesis, however, PTB (e.g., CO sparging), the majority of butyrate uptake is due to the reversal of the PTB-butyrate kinase pathway.
Recently, the butyrate kinase from C. acetobutylicum 824 was purified to homogeneity and characterized (11) . It was shown to be a dimer of two identical subunits with molecular masses of 39,000 daltons (Da). To date, little research has been published pertaining to the nature of the PTB enzyme. Valentine and Wolfe (25) In an effort to better elucidate the regulatory mechanisms of genes directly involved in the production of acetone and butanol, the PTB and butyrate kinase genes from C. acetobutylicum 824 have been cloned, characterized, and expressed in Escherichia coli.
MATERIALS AND METHODS
Bacterial strains and plasmids. The acetone-butanol-producing strain C. acetobutylicum ATCC 824 was used as a source of genomic DNA. E. coli K-12 strains used in this study were DH5, a derivative of DH1 [F-endAl hsdRJ7 (rk-Mk+) supE44 thi-J A-recAl gyrA96 relAl) (10), LS5218 (F+ fadR atoC2), LJ32 (F+ atoD32 derivative of LS5218), and K2006 (F-his fadR16 fadA30 atoC49 atoA28) (these three strains were gifts from L. Jenkins, Stanford University) (15) ; and CSR603 (F-phr-J recAl uvrA6 supE44) (21) . A C. acetobutylicum genomic library was constructed by using BamHI-digested, dephosphorylated pBR322 (New England Biolabs).
Maintenance and growth of organisms. C. acetobutylicum 824 was maintained in corn starch medium under an N2 atmosphere at 4°C. This organism was routinely grown under anaerobic conditions at 37°C in modified Clostridium soluble medium (CSM) (19) . All E. coli strains were routinely grown in Luria-Bertani medium (LB). M9 minimal medium (17) supplemented with 5 mM butyrate was used to select transformants expressing PTB and butyrate kinase activities. Media were supplemented with ampicillin (30 pug/ ml), kanamycin (25 jg/ml), and tetracycline (10 FLg/ml) as required.
DNA isolation and manipulation. Total cellular DNA from C. acetobutylicum 824 was prepared by a modification of the method of Zappe et al. (26) to overcome the high nuclease activity exhibited by this organism. A 1-liter culture of C. acetobutylicum was grown in CSM (pH 5.2) supplemented with 0.4% (wt/vol) glycine to aid in protoplast formation (1).
Cells were harvested at an A600 of 0.4 to 0.5 and resuspended in 40 ml of Clostridium basal medium (18) Preparation of cell extracts and enzyme assays. Bacteria were grown in LB-ampicillin broth (250 ml) at 37°C to an A60o of 0.7 to 0.8. The cells were harvested, washed with 10 mM potassium phosphate (KPO4) buffer (pH 7.2), and suspended in 7 ml of KPO4 buffer (pH 7.2). The cell suspension was sonicated, and cell debris was removed by centrifugation. The protein content of the extracts was determined by the method of Bradford (5) with bovine serum albumin as the standard.
Butyrate kinase activity was assayed by the procedure of Rose (20) in the butyryl-phosphate-forming direction. Activity was monitored at A540 (E540Cnm= 1.69 x 102 M-). Analysis of protein size. SDS-polyacrylamide gel electrophoresis (PAGE) was carried out by the methods of Laemmli (16) . Whole-cell proteins were prepared by boiling in 1x sample buffer for 5 min. Samples were electrophoresed on 12.5% polyacrylamide-SDS gels. Radioactively labeled proteins were loaded at 750,000 cpm per lane. Molecular mass markers (14, 200 to 66,000 Da) were obtained from Sigma. Plasmid-encoded proteins were labeled by using Trans35S label (ICN) by a modification of the procedure of Sancar et al. (21) .
RESULTS
Cloning of the C. acetobutylicum PTB and butyrate kinase genes in E. coli. In order to obtain a recombinant plasmid containing the PTB and butyrate kinase genes, a partial Sau3AI genomic library of C. acetobutylicum DNA was constructed in pBR322 and used to transform E. coli DH5. Plasmid DNA was collected from pools of Apr transformants and used to transform E. coli LJ32 (atoD). This strain is unable to utilize butyrate as a sole carbon source (But-) due to a mutation that renders acetyl-CoA:acetoacetyl-CoA transferase (AA-CoA transferase) inactive (15 more than enough coding capacity for both the PTB and butyrate kinase genes. In order to better localize the region encoding these genes within the 13.6-kb insert, subclones of pJC6 were constructed in pBR322. BamHI restriction digestion of pJC6 generated fragments of 5.8, 4.4, 4.3, 2.8, and 0.6 kb (data not shown). The fragments were randomly inserted into the BamHI site of pBR322 and used to transform E. coli K2006. Plasmid DNA from various But' Apr transformants was analyzed by agarose gel electrophoresis. Many of these transformants harbored the 4.4-kb BamHI fragment of pJC6 within pBR322. One transformant selected for further study carried a recombinant plasmid of 8.7 kb, designated pJC7*, in which the 4.4-kb insert was in the same orientation as that of pJC6. Another plasmid isolate (pJC7) carried the 4.4-kb insert in the opposite orientation.
Various restriction enzymes were used to generate a physical map of the 4.4-kb insert of pJC7 (Fig. 2) mapping and are shown in Fig. 4 . The sites of Tn5 insertion appeared to be randomly distributed within the insert. PTB and butyrate kinase activities were assayed for various Tn.5 mutants. The results of these data (Table 1) were used to localize the regions of DNA within the 4.4-kb insert which were responsible for encoding the two enzymes. The region spanning the sites of insertion between TnS-11 and Tn5-5 measured approximately 2.1 kb. In order to further delineate the boundaries of the PTB-butyrate kinase coding region, a number of deletion derivatives of pJC7 were constructed (Fig. 4) . HindIII-ClaI digestion and religation of pJC7 generated the PTB+ subclone pJC7-HC, in which only the 2.2-kb HindIII-ClaI fragment of the 4.4-kb insert was retained in pBR322. An additional subclone, pJC7-EV, was generated by deletion of the 2.5-kb EcoRV fragment of pJC7, and it was found to be PTB-. From these two subclones, the region encoding PTB could be localized within a 1.6-kb region spanning from the HindlIl site at map coordinate 3.7 kb to the site of insertion of Tn5-1. Attempts to isolate a BK+ subclone through EcoRV digestion and religation of pJC7* produced no desired subclones, indicating that a product toxic to the cells or plasmid maintenance may be produced under these circumstances.
Identification of the PTB and butyrate kinase gene products. SDS-PAGE of both whole-cell extracts and 35S-labeled plasmid-encoded proteins was used to identify the polypeptides encoded by pJC6 and its derivatives. Analysis of labeled proteins produced by the maxicell technique showed that both pJC6 and pJC7 encoded two unique polypeptides of 39 and 31 kDa (Fig. 5) . Polypeptides corresponding to these sizes could be readily observed on SDS-PAGE gels of K2006(pJC6) and K2006(pJC7) whole-cell extracts, while K2006(pBR322) lacked these proteins (Fig. 6) . A molecular mass of 39 kDa was reported for butyrate kinase (11) , and the other protein (31 kDa) had the mobility of pure PTB.
Figures 5 and 6 demonstrate that PTB-and BK-pJC7:: Tn.5 mutants no longer produced the 31-kDa or 39-kDa polypeptide, respectively. An exception to this was pJC7:: Tn5-11. Although it no longer expressed butyrate kinase activity, a polypeptide of 39 kDa was still visible (Fig. 6A,  lane 7 ). This could be accounted for if the TnS inserted within a region of DNA encoding the carboxy-terminal region of the enzyme and thus produced a stable, nearly full-sized but enzymatically inactive protein.
Enzyme activities. Table 1 summarizes the results of assays for PTB and butyrate kinase activities performed on crude extracts of K2006(pJC6) and its derivatives. Cells harboring pJC6 and pJC7* gave comparable PTB and butyrate kinase activities, while those harboring pBR322 failed to express either activity. The butyrate kinase activities of pJC6 and pJC7* were comparable to those obtained by Weisenborn et al. (manuscript in preparation) for crude extracts of C. acetobutylicum 824. However, the specific activity of PTB in these two strains was approximately twofold higher than that of C. acetobutylicum.
Inversion of the 4.4-kb fragment within pBR322 (pJC7) resulted in an approximate twofold decrease in specific activity of PTB and butyrate kinase. The presence of both enzyme activities would indicate that these clostridial genes are being expressed from a promoter within the 4.4-kb BamHI fragment. The reduced levels of enzyme activity in pJC7 could be due to interference of transcription arising from readthrough by the tetracycline promoter of pBR322. Expression of PTB activity in subclone pJC7-HC (Fig. 4 of the ato mutants to utilize butyrate was due to a defect in the enzyme AA-CoA transferase. However, enzyme assays showed that the complementation observed with pJC6 was not due to expression of the analogous AA-CoA transferase of clostridial origin but instead to that of PTB and butyrate kinase activities encoded by the recombinant plasmid. Although neither of these enzymes is found in E. coli and their main function in the clostridia is to produce butyrate from butyryl-CoA, their ability to complement the ato defect demonstrated that their activities are in fact reversible and readily expressed in the E. coli host (Fig. 1) .
Expression of the PTB and butyrate kinase genes in E. coli was considerable, as both proteins were easily detected by SDS-PAGE of whole-cell extracts. The butyrate kinase protein subunit had a molecular mass of approximately 39 kDa, as was previously observed by Hartmanis (11) for the purified butyrate kinase of C. acetobutylicum 824. PTB had a subunit molecular mass of approximately 31 kDa, which is in agreement with the results obtained by Weisenborn et al. (manuscript in preparation) for this enzyme from C. acetobutylicum 824. A comparison of the PTBs produced by E. coli and C. acetobutylicum (Fig. 6B) indicated no difference in size. Although expression of the PTB and butyrate kinase genes in C. acetobutylicum appears to be regulated to some extent (12) , addition of butyrate was not required for induction of enzyme activity in E. coli.
TnS mutagenesis and subcloning of pJC7 localized the PTB and butyrate kinase genes within a region spanning approximately 2.9 kb of the 4.4-kb BamHI fragment. Assays of enzyme activity in conjunction with restriction mapping VOL. 170, 1988 on August 27, 2017 by guest http://jb.asm.org/ Downloaded from coordinates of the Tn5 insertion sites indicated that the genes may form an operon that is transcribed as a single unit from a promoter of clostridial origin (Fig. 4, Table 1 ). Evidence that the promoter is of clostridial origin includes the observation that inversion of the 4.4-kb BamHI fragment within pBR322 (pJC7) did not abolish enzyme activity. The putative promoter appeared to be located within the 3.2 to 3.7 kb coordinates of the physical map of pJC7 (Fig. 4) (14) .
The analysis of the butanol pathway of C. acetobutylicum has received considerable attention from enzymological and engineering viewpoints; however, the analysis of genes encoding the enzymes has only recently been undertaken. In this investigation we report the first successful cloning and expression of genes directly involved in the synthesis of acids. These enzymes can also function in the uptake of butyrate for its subsequent conversion to butanol. The reductive portion of the pathway has been extensively studied, and a recent report of the cloning of an alcohol dehydrogenase gene has been published (26) . Further studies on the molecular biology of C. acetobutylicum should lead to a better understanding of the mechanism regulating its synthesis of acids and solvents.
